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Abstract The Juno spacecraft has measured Jupiter’s low-order, even gravitational moments, J2 –J8,
to an unprecedented precision, providing important constraints on the density proﬁle and core mass
of the planet. Here we report on a selection of interior models based on ab initio computer simulations
of hydrogen-helium mixtures. We demonstrate that a dilute core, expanded to a signiﬁcant fraction of
the planet’s radius, is helpful in reconciling the calculated Jn with Juno’s observations. Although model
predictions are strongly aﬀected by the chosen equation of state, the prediction of an enrichment of Z in
the deep, metallic envelope over that in the shallow, molecular envelope holds. We estimate Jupiter’s core
to contain a 7–25 Earth mass of heavy elements. We discuss the current diﬃculties in reconciling measured
Jn with the equations of state and with theory for formation and evolution of the planet.
Plain Language Summary The Juno spacecraft has measured Jupiter’s gravity to unprecedented
precision. We present models of the planet’s interior structure, which treat the hydrogen-helium mixture
using computer simulations of the material. We demonstrate that dilute core, with the heavy elements
dissolved in hydrogen and expanded outward through a portion of the planet, may be helpful for explaining
Juno’s measurements.
1. Introduction
The Juno spacecraft entered an orbit around Jupiter in July of 2016 and since then has measured Jupiter’s
gravitational ﬁeld tohighprecision [Boltonetal., 2017]. Herewepresent apreliminary suite of interior structure
models for comparison with the low-order gravitational moments (J2, J4, J6, and J8) measured by Juno during
its ﬁrst two perijoves [Folkner et al., 2017].
A well-constrained interior structure is a primary means of testing models for the formation of the giant
planets. The abundance and distribution of elements heavier than helium (subsequently referred to as “heavy
elements”) in the planet is key in relating gravity measurements to formation processes. In the canonical
model for the formation of Jupiter, a dense core composed ∼10M⊕ (Earth masses) of rocky and icy material
forms ﬁrst, followed by a period of rapid runaway accretion of nebular gas [Mizuno et al., 1978; Bodenheimer
and Pollack, 1986; Pollack et al., 1996]. Recent formation models suggest that even in the core accretion
scenario, the core can be small (∼2M⊕) or be diﬀused with the envelope [Venturini et al., 2016; Lozovsky et al.,
2017]. If Jupiter is formed by gravitational instability, i.e., the collapse of a region of the disk under self-gravity
[Boss, 1997], there is no requirement for a core, although a core could still form at a later stage [Helled et al.,
2014]. Even if the planet initially formed with a distinct rock-ice core, at high pressures and temperatures,
these core materials become soluble in liquid metallic hydrogen [Stevenson, 1985;Wilson andMilitzer, 2012a,
2012b;Wahl et al., 2013; Gonzalez-Cataldo et al., 2014]. As a result, the core will erode and the heavy material
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will be redistributed outward to some extent. In this study we consider the eﬀect of such a dilute core, in
which the heavy elements have expanded to a signiﬁcant fraction of Jupiter’s radius.
Signiﬁcant progress has been made in understanding hydrogen-helium mixtures at planetary conditions
[Saumonetal., 1995; SaumonandGuillot, 2004;Vorberger etal., 2007;Militzer etal., 2008; FortneyandNettelmann,
2010; Nettelmann et al., 2012; Militzer, 2013; Becker et al., 2013; Militzer et al., 2016], but interior model pre-
dictions are still sensitive to the hydrogen-helium equation of state used [Hubbard andMilitzer, 2016;Miguel
et al., 2016]. In section 2.1 we describe the derivation of barotropes from a hydrogen-helium equation of state
based on ab initio materials simulations [Militzer, 2013; Hubbard and Militzer, 2016], make comparisons to
other equations of states, and consider simple perturbations to better understand their eﬀect on themodels.
In section 2.2 we describe details of these models including a predicted layer of ongoing helium rain out
[Stevenson and Salpeter, 1977a, 1977b; Morales et al., 2009; Lorenzen et al., 2009; Wilson and Militzer, 2010;
Morales et al., 2013], with consideration of a dilute core in section 2.3. We then describe the results of these
models in terms of their calculated Jn (section 3.2) and heavy element mass and distribution (section 3.3).
Finally, in section 4 we discuss these results in relation to the present state of measurements of, as well as
theory for, the formation and evolution of Jupiter.
2. Materials and Methods
2.1. Barotropes
In this paper we consider interior density proﬁles in hydrostatic equilibrium,
∇P = 𝜌∇U, (1)
where P is the pressure and 𝜌 is the mass density. In order to ﬁnd a consistent density proﬁle, we use a
barotrope P(𝜌) corresponding to isentropic proﬁles constructed from various equations of state.
Most of the results presented are based on density functional theory molecular dynamics (DFT-MD) simula-
tions of hydrogen-heliummixtures fromMilitzer [2013] andMilitzer and Hubbard [2013, hereafter MH13]. For
densities below those determined by the ab initio simulations (P<5 GPa), we use the Saumon et al. [1995]
equation of state (SCvH), which has been used extensively in giant planet modeling. The beneﬁts of this sim-
ulation technique lie in its ability to determine the behavior of mixture through the metallization transition
and to directly calculate entropy for the estimation of adiabatic proﬁles. The barotropes are parameterized in
terms of helium and heavy element mass fraction Y and Z and speciﬁc entropy S as a proxy for the adiabatic
temperature proﬁle; for additional details see supporting information S1.
For comparison, we considermodels using the ab initio equations of state of hydrogen and helium calculated
by Becker et al. [2013] (REOS3) with the procedure for estimating the entropy described byMiguel et al. [2016].
Finally,we also considermodels using the SCvHEOS through the entire pressure rangeof theplanet. Although
the SCvH EOS does not ﬁt the most recent data from high-pressure shockwave experiments [Hubbard and
Militzer, 2016;Miguel et al., 2016], it is useful for comparison since it has been used to constrain Jupitermodels
in the past [e.g., Saumon and Guillot, 2004].
Diﬀerent equations of state aﬀectmodel outcomes in part by placing constraints on the allowable abundance
and distribution of heavy elements. The DFT-MD isentrope consistent with the Galileo probe measurements
has higher densities and a less steep isentropic temperature proﬁle than SCvH in the vicinity of the metal-
lization transition [Militzer, 2013;Militzer et al., 2016]. The H-Reos equation of state has a similar shape to the
T(P) proﬁle but has an oﬀset in temperature of several hundred thousands through much of the molecular
envelope [Nettelmann et al., 2012; Hubbard andMilitzer, 2016;Miguel et al., 2016].
DFT-MD simulation is the best technique at present for determining densities of hydrogen-helium mixtures
over most of conditions in a giant planet (P>5 GPa). There is, however, a poorly characterized uncertainty
in density for DFT-MD calculations. Shockwave experiments are consistent with DFT but can only test their
accuracy to at best∼6% [Knudson et al., 2004; Brygoo et al., 2015]. Moreover, there is a necessary extrapolation
between ∼5 GPa, where the simulations become too computationally expensive [Militzer, 2013; Militzer and
Hubbard, 2013] and ∼10 bar where the deepest temperature measurements from the Galileo probe were
obtained [Seiﬀ et al., 1997]. We consider perturbations to theMH13 equation of state in the formof an entropy
jump, ΔS, at a prescribed pressure in the outer, molecular envelope; increases of S from 7.07 up to 7.30 (with
S in units of Boltzmann constant per electron) are considered. These perturbations test the eﬀect of a density
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decrease through the entire envelope (P =0.01 GPa), at the switch from SCvH to DFT (5.0 GPa), and near the
onset of the metalization transition (50.0 GPa).
Gravitational moments for the models are calculated using the nonperturbative concentric Maclaurin
spheroid method [Hubbard, 2012, 2013; Hubbard and Militzer, 2016; Wahl et al., 2017]; see supporting infor-
mation section S2 for additional details.
2.2. Model Assumptions
One of themost signiﬁcant structural features of Jupiter’s interior arises from a pressure-induced immiscibility
of hydrogen and helium, which allows for rain out of helium from the planet’s exterior to interior [Stevenson
and Salpeter, 1977a, 1977b]. Ab initio simulations [Morales et al., 2009; Lorenzen et al., 2009;WilsonandMilitzer,
2010; Morales et al., 2013] predict that the onset of this immiscibility occurs around ∼100 GPa, over a similar
pressure range as the molecular to metallic transition in hydrogen. At higher pressures, the miscibility gap
closure temperature remains nearly constant with pressure, such that in the deep interior temperatures are
suﬃcient for helium to becomemiscible again.
The MH13 adiabats cross the Morales et al. [2013] phase diagram such that helium rain out occurs between
∼100and300GPa [Militzer etal., 2016]. This is consistentwith the subsolarYmeasurementmadeby theGalileo
entry probe [von Zahn et al., 1998]. The REOS3 adiabats are signiﬁcantly warmer and require adjustments
to the phase diagram in order to explain the observations [Nettelmann et al., 2015]. Although the detailed
physics involved with the formation and growth of a helium rain layer is poorly understood [Fortney and
Nettelmann, 2010], the existence of a helium rain layer has a number of important consequences for the
thermal and compositional structure of the planet.
We calculate the abundance of helium in both the upper helium-poor (molecular hydrogen) region and lower
helium-rich (metallic hydrogen) region by enforcing a helium to hydrogen ratio that is globally protosolar.
We also allow for a compositional gradient of heavy elements across the layer with a mass mixing ratio that
changes from Z1 in the lower layer to Z2 in the upper layer.
2.3. Dilute Core
The thermodynamic stability of various material phases in giant planet interiors has been assessed using
DFT-MD calculations [Wilson andMilitzer, 2012a, 2012b;Wahl et al., 2013; Gonzalez-Cataldo et al., 2014]. These
calculations suggest that at the conditions at the center of Jupiter, all likely abundant dense materials will
dissolve into the metallic hydrogen-helium envelope. Thus, a dense central core of Jupiter is expected to be
presently eroded or eroding. However, the redistribution of heavy elements amounts to a large gravitational
energy cost and the eﬃciency of that erosion is diﬃcult to assess [seeGuillot et al., 2004]. It was recently shown
by Vazan et al. [2016] that redistribution of heavy elements by convection is possible, unless the initial com-
position gradient is very steep. Some formationmodels suggest that a gradual distribution of heavy elements
is an expected outcome, following the deposition of planetesimals in the gaseous envelope [Lozovsky et al.,
2017]. The formation of a compositional gradient could lead to double-diﬀusive convection [Chabrier and
Baraﬀe, 2007; Leconte and Chabrier, 2013] in Jupiter’s deep interior, which could lead to a slow redistribution
of heavy elements, even on planetary evolution timescales.
In a selection of the models presented here, we consider Jupiter’s “core” to be a region of the planet in which
Z is enriched by a constant factor compared to the envelope region exterior to it. This means that the model
core is a diﬀuse region composed largely of the hydrogen-helium mixture. In fact, this conﬁguration is not
very diﬀerent from the internal structure derived by Lozovsky et al. [2017] for proto-Jupiter. Given the current
uncertainty in the evolution of a dilute core, we consider models with core in various degrees of expansion,
0.15 < r∕rJ<0.6. In a fewmodels, we also test the importance of the particular shape of the dilute core proﬁle
by considering a core with a Gaussian Z proﬁle instead. Figure 1 demonstrates the density proﬁles resulting
from these diﬀerent assumptions about the distribution of core heavy elements.
3. Results
3.1. Comparison to Juno
The even zonal moments observed by Juno after the ﬁrst two perijoves [Folkner et al., 2017] are broadly con-
sistent with the less precise predictions of Campbell and Synnott [1985] and Jacobson [2003] but inconsistent
with the more recent JUP310 solution [Jacobson, 2013]. Table 1 compares these observations with a few
representative models. Although the solid-body (static) contribution dominates this low-order, even part of
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Figure 1. Density proﬁles of representative models. Solid lines denote
models using MH13, while dashed use REOS3. In black is a model with S,
Y , and Z matching that measured by the Galileo entry probe and a
core with constant enrichment of heavy elements inside r∕rJ=0.15.
In red (Model D) Z=0.007 in the molecular envelope and constant
Z-enriched, dilute core expanded to r∕rJ ∼ 0.50 to ﬁt the J4 observed
by Juno. In blue (Model E) with Z=0.007 also ﬁtting J4 with Gaussian
Z proﬁle. In orange (Model R) and green (Model S) are proﬁles for the
REOS3 models ﬁtting J4 with a compact and dilute core, respectively.
(Inset) Schematic diagram showing the approximate location of the
helium rain layer and dilute core.
the gravity spectrum [Hubbard, 1999],
a small dynamical contribution above
Juno’s expected sensitivitymust be con-
sidered [Kaspi et al., 2010]. For suﬃ-
ciently deep ﬂows, these contributions
could be many times larger than Juno’s
formal uncertainties for Jn [Kaspi et al.,
2017] and thus represent the conser-
vative estimate of uncertainty for the
purpose of constraining the interior
structure. Thus, ongoing gravity mea-
surements by Juno, particularly of odd
and high order, even Jn, will continue to
improve our understanding of Jupiter’s
deep interior [Kaspi, 2013]. Marked in
yellow in Figure 2 is the possible uncer-
tainty considering a wide range of pos-
sible ﬂows, and ﬁnding a corresponding
density distribution assuming the large-
scale ﬂows is leading-order geostrophic
[Kaspi et al., 2009]. The progressively
smaller ellipses show how this uncer-
tainty is reduced when the depth of
the ﬂow is restricted 10,000, 3000, and
1000 km, respectively. The relatively
small range inourmodels J6 and J8 com-
pared to these uncertainties suggests that ﬂows in Jupiter are shallower than the most extreme cases
considered by Kaspi et al. [2017].
3.2. Model Trends
It is evident that the Jn observedby Juno arenot consistentwith the “preferred”model put forwardbyHubbard
andMilitzer [2016], even considering diﬀerential rotation. Nonetheless, we begin with a similar model (Model
A inTable 1) since it is illustrativeof the featuresof themodel using theMH13equationof statewith reasonable
pre-Juno estimates for model parameters. A detailed description of the reference model is included in the
supporting information section S3.
In order to increase J4 for a given planetary radius and J2, one must either increase the density below the
100GPa pressure level or conversely decrease the density above that level [Guillot, 1999, Figure 5]. We explore
twopossibilities: eitherwe raise thedensity in themetallic regionbyexpanding the central coreorweconsider
the possibility of an increased entropy in the molecular region.
Figure 2 shows the eﬀect of increasing the radius of the dilute core on J4 and J6. Starting with the MH13
referencemodelwith r∕rJ=0.15 (ModelA), the core radius is increased incrementally to r∕rJ∼0.4, abovewhich
themodel becomes unable to ﬁt J2. Therefore, considering an extended core shifts the higher-ordermoments
toward the Juno values, but is unable to reproduce J4, even considering a large dynamical contribution to Jn.
Supporting information Figure S1 shows a similar trend for J8, although the relative change in J8 with model
parameters compared to the observed value is less signiﬁcant than for J4 and J6.
Precisely matching Juno’s value for J4 with the MH13-based models presented here requires lower densities
than the reference model through at least a portion of the outer, molecular envelope. In the absence of addi-
tional constraints, this can be accomplished by lowering Y or Z or by increasing S (and consequently the
temperature). In Figure 2 this manifests itself as a nearly linear trend in J4 and J6 (black plus symbols), below
which there are no calculated points. This trend also improves the agreement of J4 and J6 with Junomeasure-
ments but with a steeper slope in J6∕J4 than that from the dilute core. ForΔS ∼0.14 applied at P=0.01 GPa, a
model with this perturbed equation of state canmatch the observed J4, with a mismatch in J6 of∼0.1× 10−6
below the observed value (Model F). When the ΔS perturbation is applied at higher pressures (P=5.0 and
50.0 GPa), a largerΔS is needed to produce the same change in J4.
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Figure 2. Zonal gravitational moments J4 and J6 for interior models matching the measured J2. (top) The blue rectangle
shows the uncertainty of the Junomeasurements as of perijove 2 [Folkner et al., 2017]. The yellow ellipse shows the
eﬀective uncertainty in the static contribution due possible deep diﬀerential rotation [Kaspi et al., 2017] and with ﬂow
restricted to 10,000 km (dash dotted), 3000 km (dashed), and 1000 km (solid). The blue star is the reference (Model A,
Table 1) with ZGal matching that measured by the Galileo entry probe and a core of r∕rJ = 0.15. The blue squares show
how these results change as a dilute core with a constant Z1 enrichment and core radius r increasing to the right. The
green and red circles denote similar expanding core trends with lowered outer envelope heavy element fraction
to Z1 = 0.007 and 0.01, respectively. The plus symbols denote models which take perturb the MH13 EOS by introducing
a jump in S at P = 0.01 (black), P = 5.0 (blue), and P = 50.0 GPa (red), with Z1 decreasing to the right. Black diamonds
show models using the SCvH EOS. (bottom) Models ﬁtting the observed J4 yield larger J6 with increasing core radii. The
stars denote Models B, C, D, E, and F in Table 1. Violet diamonds show models using the REOS3 EOS (Models R, S, and T).
Black and green cross symbols show models starting with the green star (dilute core, Z1 = 0.007) and changing the S of
the deep interior or the pressure of the onset of helium rain. Red, green, and cyan stars show models ﬁtting the
measured J4 with the radius of the dilute core. Black star shows model ﬁtting J4 with the entropy jump magnitude ΔS.
We also consider a number of models with both a decrease in the density of the outer, molecular layer and a
dilute core. Here we present MH13models where the core radius is increased for models with outer envelope
Z=0.010, 0.007, or 0.0. Above Z∼0.010 themodels are unable to simultaneouslymatch J2 and J4. Themodels
withZ=0.010andZ=0.007canbothﬁt J4 butwith a J6∼0.1×10−6 above theobservedvalue (ModelsCandD).
These models also require extremely dilute cores with r∕rJ ∼ 0.5 in order to match J4. A more extrememodel
with no heavy elements (Z=0) included in the outer,molecular envelope (Model B) can simultaneouslymatch
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Figure 3. Mass of heavy elements in the core of the model versus
the total heavy element mass in Jupiter predicted by the model.
Symbols refer to identical models as in Figure 2. The stars denote
models included in Table 1. Horizontal lines display the values of
MZ,total, corresponding to 5–10 times solar abundance of heavy
elements.
J4 and J6 within the current uncertainty,
with a less expansive corewith r∕rJ∼0.27.
The dilute core using the Gaussian proﬁle
andanouter envelopeZ=0.007 (Model E)
has a very similar trend in J4 –J6, although
it is shifted to slightly lower values of J6.
There are a number of other model para-
meters which lead to similar, but less pro-
nounced, trends than the dilute core.
StartingwithModel C, we test shifting the
onset pressure for helium rain, between
50 and 200 GPa, and the entropy in the
deep interior, S = 7.07 to 7.30 (Figure 2
(bottom)). Both modiﬁcations exhibit a
similar slope in J4 –J6 to the models with
diﬀerent core radii but spanning a smaller
range in J4 than for the dilute core trend.
The models using REOS3 have a signif-
icantly hotter adiabatic T proﬁle than
MH13. Models R and S in Tables 1 are
two example solutions obtained with the
REOS3 adiabat, for a three-layer model with a compact core and when adding a dilute core, respectively.
Because of the ﬂexibility due to the larger Z values that are required to ﬁt Jupiter’s mean density, there is a
wide range of solutions [Nettelmann et al., 2012;Miguel et al., 2016] with J4 values that can extend all the way
from −599 × 10−6 to −586 × 10−6, spanning the range of values of the MH13 solutions. Model T corresponds
to amodel calculatedwith the sameΔZ discontinuity at themolecular-metallic transition asModel S but with
a compact instead of dilute core. This shows that, as in the case of the MH13 EOS, with all other parameters
ﬁxed, a dilute core yields larger J4 values.
For both DFT-based equations of state, we ﬁnd that heavy element abundances must increase in the planet’s
deep interior. The requiredΔZ across the helium rain layer is increased with the REOS3 equation of state and
decreased by considering a dilute core. Regardless of the EOS used, including a diﬀuse core has a similar
eﬀect on J6, increasing the value by a similar amount for similar degree of expansion, when compared to an
analogousmodel with a compact core. Thus, J6 may prove to be a useful constraint in assessing the degree of
expansion of Jupiter’s core.
3.3. Predicted Core Mass
Figure 3 displays the total mass of heavy elements, along with the proportion of that mass in the dilute core.
Models using MH13 with dilute cores, have core masses between 10 and 24M⊕ (Earth masses), with gradual
increase from 24 to 27M⊕ for the total heavy elements in the planet. Of themodels able to ﬁt the observed J4,
thosewith heavy element contents closer to theGalileo value havemore extended cores containing a greater
mass of heavy elements.
The perturbation of the equation of state with an entropy jump has an opposite eﬀect on the predicted core
mass with respect to the dilute core, despite the similar eﬀect on the calculated Jn. For increasingly large ΔS
perturbations, coremass decreases, to∼8M⊕, while total heavy elementmass increases. As this perturbation
is shifted to higher pressures the change in core mass becomes less pronounced, for a given value of ΔZ.
In all the cases consideredhere, theMH13 equation of state predicts signiﬁcantly larger coremasses and lower
total heavy element mass than the SCvH equation of state.
All of themodels depicted in Figure 3 represent fairly conservative estimates of theheavy elementmass. For any
such model, there is a trade-oﬀ in densities that can be introduced where the deep interior is considered
to be hotter (higher S) and that density deﬁcit is balanced by a higher value of Z. It is also possible that a
dilute core would introduce a superadiabatic temperature proﬁle, which would allow for a similar trade-oﬀ in
densities and additionalmass in the dilute core. Constraining this requires an evolutionarymodel to constrain
the density and temperature gradients through the dilute core [Leconte andChabrier, 2012, 2013] and has not
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been considered here. Shifting the onset pressure of helium rain can shift the core mass by ∼2 M⊕ in either
direction. If the majority of the heavy core material is denser rocky phase [Soubiran and Militzer, 2016], the
corresponding smaller value of 𝜌0∕𝜌Z results in a simultaneous decrease in coremass and total Z of∼2–4M⊕.
Using the REOS3, both models with a small, compact core of∼6M⊕ or a diluted core of∼19M⊕ are possible,
along with a continuum of intermediate solutions. These models have a much larger total mass of heavy
elements, 46 and 34M⊕, a direct consequence of the higher temperatures of that EOS [seeMiguel et al., 2016].
The enrichment in heavy elements over the solar value in the molecular envelope corresponds to about 1 for
Model R and 1.4 for Model S, pointing to a water abundance close to the solar value in the atmosphere of
the planet. In spite of the diﬀerence in total mass of heavy elements, the relationship between core mass and
radius is similar for MH13 and REOS3.
In lieu of additional constraints we can likely bracket the core mass between 6 and 25M⊕, with larger masses
corresponding to amore dilute proﬁle of the core. Thesemasses for the dilute core are broadly consistentwith
those required by the core collapse formation model Pollack et al. [1996], as well as models that account for
the dissolution of planetesimals [Lozovsky et al., 2017]. The mass of heavy elements in the envelope, and thus
the total heavy element mass, is strongly aﬀected by the equation of state, with MH13 predicting 5–6 times
solar fraction of total heavy elements in Jupiter and REOS3 around 7–10 times solar fraction.
4. Conclusion
After only two perijoves the Juno gravity science experiment has signiﬁcantly improved themeasurements of
the low-order, even gravitational moments J2 –J8 [Folkner et al., 2017]. The formal uncertainty on these mea-
sured Jn is already suﬃciently small that they would be able to distinguish small diﬀerences between interior
structuremodels, assuming that the contribution to these low-ordermoments arises primarily from the static
interior density proﬁle. Considering a wide range of possible dynamical contributions increases the eﬀective
uncertainty of the static J2 –J8 by orders of magnitude [Kaspi et al., 2017]. It is expected that the dynamical
contribution to Jn will be better constrained following future perijove encounters by the Juno spacecraft with
measurements of odd and higher-order even Jn [Kaspi, 2013].
Even with this greater eﬀective uncertainty, it is possible to rule out a portion of the models presented in
this study, primarily on the basis of the observed J4. The reference model, using a DFT-MD equation of state
with direct calculation of entropy in tandem with a consistent hydrogen-helium phase diagram, is incom-
patible with a simple interior structure model constrained by composition and temperature from the Galileo
entry probe.
Our models suggest that a dilute core, expanded through a region 0.3–0.5 times the planet’s radius is helpful
for ﬁtting the observed Jn. Moreover, for a given J4 the degree to which the core is expanded aﬀects J6 and
J8 in a predictable, model-independent manner, such that further constraining J6 and J8 may allow one to
determine whether Jupiter’s gravity requires such a dilute core. Such a coremight arise through erosion of an
initially compact rock-ice core or through adiﬀerential rate of planetesimal accretionduringgrowth, although
both present theoretical challenges.
Using the REOS3 approach leads to a wider range of possibilities which include solutions with the standard
three-layer model approach or assuming the presence of a dilute core. In any case, as for the MH13 solutions,
the REOS3 solutions require the abundance of heavy elements to increase in the deep envelope. This indicates
that Jupiter’s envelope has not been completely mixed.
The dilute core models presented here are preliminary with few key assumptions, which may be relaxed with
future work. The ﬁrst is the simple adiabatic temperature proﬁle through the deep interior, in lieu of more
consistent proﬁles in T and Z. Second is the use of the ideal volume law, which does not necessarily remain
a good assumption for the high Z in the planets core. Based on the range of models with diﬀerent interiors
S and Z, we expect more realistic treatments to have only a minor on calculated Jn, although changes in the
predicted heavy element contents on the order of a fewM⊕ can be expected. In any case, these assumptions
have a smaller eﬀect on model predictions than the diﬀerences in EOS at present.
These results present a challenge for evolutionary modeling of Jupiter’s deep interior [e.g., Vazan et al., 2016;
Mankovichetal., 2016]. Thephysical processes involvedwith the formation and stability of a dilute core are not
understood. It strongly dependson the formationprocess of theplanet and themixing at the early stages after
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formation and also enters a hydrodynamical regimeof double-diﬀusive convectionwhere competing thermal
and compositional gradients can result in ineﬃcient mixing of material [Leconte and Chabrier, 2012; Mirouh
et al., 2012]. The timescale for the formation and evolution of such features, especially on planetary length
scales, is still poorly understood. In particular, it is not known whether there would be enough convective
energy to expand 10 M⊕ or more of material to 0.3 to 0.5 times Jupiter’s radii. It is also presently unknown
whether it is plausible to expand the core to this degree without fully mixing the entire planet and without
resorting to extremely fortuitous choices in parameters. Since Jovian planets are expected to go through
periods of rapid cooling shortly after accretion [Fortney and Nettelmann, 2010], if they are mostly convective,
it is likely that much of the evolution of a dilute core would have to occur early on in the planet’s history when
the convective energy is greatest. This presents a challenge for explaining interior models requiring a large
ΔZ across the helium rain layer, as such a layer would form after the period of most intense mixing.
In our preliminary models, those able to ﬁt J4 have lower densities in portions of the outer molecular enve-
lope than MH13. This is achieved through modifying abundances of helium and heavy elements to be lower
than thosemeasured by the Galileo entry probe or invoking a hotter nonadiabatic temperature proﬁle. Some
formation scenarios [e.g., Mousis et al., 2012] can account for relatively low envelope H2O content (∼2 times
solar), but our models would require even more extreme depletions for this to be explained by composition
alone. Alternatively, there might be an overestimate of the density inherent to the DFT simulations of MH13
of the order of ∼3% for P<100.
Interior models could, therefore, be improved through further theoretical and experimental studies of
hydrogen-heliummixtures, particularly in constraining density in the pressure range below∼100 GPa, where
the models are most sensitive to changes in the equation of state. More complicated equation of state per-
turbations, including the onset and width of the metallization transition [Knudson and Desjarlais, 2017], may
be worth considering in future modeling eﬀorts. Similarly, the interior modeling eﬀort will be aided by an
independent measurement of atmospheric H2O from Juno’s microwave radiometer instrument [Helled and
Lunine, 2014].
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